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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL MEMORANDUM X - 3 8 1  

EXPERIMENTAL BEHAVIOR OF COMBUSTION PRODUCTS OF HEF-2 

AND A I R  DURING EXPANSION I N  EXHAUST NOZZLES* 

By J. R. Branstetter,  W. B. Kaufman, and A. L. Smith 

SUMMARY 

The performance of a boric-oxide-laden stream during expansion 
through exhaust nozzles of two s izes  w a s  investigated.  HEF-2 ( largely 
propylpentaborane) w a s  burned i n  an 8- inch-diameter combustor coupled t o  
a convergent-divergent nozzle. The l a r g e r  nozzle (a simple converging 
type) w a s  connected t o  the  28-inch-diameter af terburner  of a simulated 
t u r b o j e t  engine. 
i n  the  afterburner.  The t e s t s  were conducted a t  a nozzle- inlet  pressure 
of 2 . 5  t o  3 atmospheres over a range of equivalence r a t i o s  from 0.3 t o  
1.0. 

JP-4 f u e l  w a s  burned i n  the  primary combustor and REF-2 

The results of 'both investigations were s imi la r  t o  those reported 
e a r l i e r  f o r  pentaborane f u e l  i n  t h e  same small-scale apparatus, even 
though the  combustion products were appreciably d i f f e r e n t .  Trace amounts 
of condensed bor ic  oxide vapor observed t o  occur near t h e  nozzle t h r o a t  
i n  t h e  pentaborane tests d id  not occur i n  e i t h e r  of the  present  t e s t s .  
No e f fec t  of combustor or nozzle s ize  on the performance w a s  observed. 
Experimental r e s u l t s  agreed with ideal performance i n  the region where 
B2O3 i s  e n t i r e l y  l i q u i d  ( i . e . ,  below 3 2 0 0 O  R )  . The same agreement w a s  
obtained at temperatures above 3500° R where the  oxide was i n  the  all- 
vapor phase. 
mental da ta  departed rapidly from the i d e a l  frozen-expansion model 
as wel l  as from t h e  i d e a l  equilibrium-expansion model when these models 
assume BzOg as the  major boron combustion product. 
mental data at  t h e  combustor e x i t  indicated t h a t  vaporization w a s  com- 
p l e t e  at a temperature of about 3500° R, whereas i d e a l  performance pre- 
d ic ted  t h a t  temperatures i n  excess of 3800° R were needed f o r  complete 
vaporization. 
g r e a t e r  than predicted by the  i d e a l  frozen- and equilibrium-Pxpnsi on 
models, respectively.  However, when the  vaporized combustion product 
w a s  assumed t o  be metaboric acid rather  than B2O3, t h e  i d e a l  values f o r  
a frozen-expansion process agreed very wel l  with t h e  experimental values. 

I n  t h e  two-phase region (3200'  t o  3500° R )  t h e  experi- 

I n  f a c t ,  t h e  experi- 

This results i n  a fuel  consumption 11 t o  20 percent 

jc?title, Unclassified.  
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INTRODUCTION 

Boron-containing fuels by virtue of their favorable chemical energy 
are capable of extending the range of jet-propelled aircraft (ref. 1). 
These fuels introduce some unique problems, one of which is the behavior 
of the boron products of combustion during expansion in the exhaust noz- 
zle. Relatively minor variations in the thermodynamic and kinetic prop- 
erties of the boron products of combustion greatly affect analytic re- 
sults of thrust and fuel consumption. Unfortunately, the actual compo- 
sition, thermodynamic properties, and kinetics of boron-oxygen-hydrogen 
systems are not completely nor accurately known. 
NASA undertook an experimental investigation to determine the behavior 
of pentaborane-air combustion products during expansion in a convergent- 
divergent nozzle (ref. 2). The performance was compared with ideal per- 
formance, which assumed that the only boron combustion component present 
in significant quantity at the temperatures considered was boric oxide 

For this reason the 

(Bz03) - 
A review of the results of that investigation will pinpoint most of 

the problems to be dealt with in this reportt 

(1) Within the combustor, boric oxide vapor required about 4900 F 
supercooling before any condensed phase was observed. 

(2) In the nozzle, the vapor did not condense to anywhere near the 
extent predicted for a phase equilibrium-expansion process. 

(3) For all practical purposes, the liquid boric oxide particles 
remain in thermal and velocity equilibrium with the rest of the combus- 
tion products during expansion through the nozzle. 

(4) The experimentally obtained specific fuel consumption agreed 
with ideal performance at combustion temperatures (below 33000 R) for 
which the boric oxide was essentially in an all-liquid state agd at com- 
bustion temperatures (above 3600O R) for which the boric oxide was con- 
sidered completely vaporized. 

(5) The l o s s  in nozzle performance due to oxide films adhering to 
the nozzle surfaces was negligible for nozzle wall temperatures above 
8000 F. 

The inability of the boric oxide to condense in the combustor and 
in the nozzle (items (1) and (2)) affected performance greatly. For ex- 
ample, at a combustor temperature of 36000 R, specific fuel consumption 
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w a s  20 percent grea te r  than predicted f o r  i d e a l  equilibrium combustion 
and expansion of boric  oxide products. 

I n  order t o  determine whether the observations noted f o r  penta- 
borane could be generalized upon, t w o  addi t ional  investigations were 
undertaken, one i n  the  small-scale pentaborane apparatus of reference 2 
and the other  i n  a fu l l - sca le  engine apparatus. Because it w a s  avai lable  
i n  la rge  quantity,  HEF-2 containing over 65 percent monopropylpentaborane 
w a s  se lected f o r  both t e s t s .  HEF-2 yields exhaust products appreciably 
d i f f e r e n t  from those of pentaborane, i n  t h a t  considerably l e s s  BzO3 i s  
formed per  pound of f u e l  burned and, i n  addition, C 0 2  is  present.  
f u l l - s c a l e  application, s t i l l  d i f fe ren t  exhaust products were generated 
by burning HEF-2 downstream of a turbojet  primary combustor fueled with 
hydrocarbon fue l .  This l a r g e  configuration a l s o  provided increased res -  
idence time f o r  t h e  bor ic  oxide (thereby providing a nearer approach t o  
equilibrium behavior) and reduced boundary-layer e f fec ts  i n  t h e  exhaust 
nozzle. I n  both invest igat ions the fue l -a i r  mixtures were burned t o  
near completion t o  assure proper analysis of r e s u l t s .  The t e s t s  were 

conducted a t  combustor pressure of  2- t o  3 atmospheres and encompassed 
equivalence r a t i o s  of 0.3 t o  1.0.  

I n  the  

1 
2 

Recent "best  value'' thermodynamic d a t a  suggest t h a t  the  canbustion 
mechanism of boron f u e l s  favors the formation of metaboric acid i n  t h e  
vapor phase r a t h e r  than boric oxide; t h i s  could explain t h e  discrepancy 
observed i n  the  t r a n s i t i o n  region i n  the  pentaborane performance inves- 
t i g a t i o n .  A t h e o r e t i c a l  model employing t h i s  suggested mechanism i s  
compared with the experimental d a t a  obtained herein.  

The present report  employs t h e  computational methods of reference 2 
t o  determine the  t h r u s t  and f u e l  consumption and t o  separate performance 
l o s s e s  due t o  combustion inefficiency from performance losses  due t o  
l a c k  of phase equilibrium. 

I 

APPARATUS AND MPERI~NTAL PROCEDURE 

S m a l l -  Sc a l e  Ins  t a l la t  ion 

General assembly. - A diagram of t h e  experimental equipment i s  
shown i n  f igure  1. Combustion air  was passed through a s ingle  can-type 
jet-engine combustor used as a preheater. The preheater w a s  used t o  
w a r m  t h e  apparatus and w a s  never operated concurrently with HEF-2 flow. 
An insulated duct downstream OS the  preneater contained b a f f l e s  Ynak 
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evened the veloci ty  p r o f i l e  and produced small-scale turbulence a t  t h e  
e n t r y  t o  the  REF in jec tor .  The combustion products discharged through 
the exhaust nozzle i n t o  a t h r u s t  b a r r e l  supported by f l e x i b l e  s t raps  
fastened t o  t h e  top of t h e  exhaust plenum. 
and discharged i n t o  an exhaust duct maintained a t  about 0.25-atmosphere 
pressure. Except f o r  the  addi t ion of a f l e x i b l e  seal between t h e  ex- 
haust nozzle and the t h r u s t  b a r r e l ,  t h e  apparatus w a s  t h e  same as de- 
scr ibed i n  reference 2. 

f 

The exhaust gases were cooled 4 

F 
4 
(D 
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Combustor and nozzle. - The combustor and t h e  nozzle were f a b r i -  

- -  3 The combustor w a s  €L inches i n  diameter and 36 8 
Cooling air  w a s  metered and fed  i n t o  an annular passage 

The nozzle 

ca ted  separately and welded t o  a common flange t h a t  w a s  bo l ted  t o  t h e  

e x i t  plenum ( f i g .  2 ) .  

inches long. 
surrounding t h e  combustor by four  ducts spaced 900 apar t .  
( f i g .  2)  w a s  machined from a b i l l e t  of mild s t e e l ,  and i t s  i n t e r n a l  sur- 
faces were nickel-plated t o  avoid corrosion. 
operating it as a heat sink; t h i s  cooling pr inc ip le  w a s  s a t i s f a c t o r y  
only because the  t e s t s  were of shor t  duration. 

5 

The nozzle w a s  cooled by . 

Warmup f u e l  (propylene oxide or JP-4) w a s  in jec ted  from simple o r i -  
f i c e s  immediately upstream of t h e  "-2 i n j e c t o r s  f o r  high-temperature 
ca l ibra t ion  and during warmup. 

REF-2 i n j e c t o r .  - The f u e l  i n j e c t o r  was designed t o  obtain s t rong 
and uniform mixing of the  REF-air mixture before combustion, on t h e  prem- 
i s e  t h a t  t h i s  i s  a prerequis i te  f o r  high combustion e f f i c i e n c i e s  and-uni- 
form temperatures. Detai ls  of the  i n j e c t o r  a r e  shown i n  f igure  3. Atom- 
i z i n g  a i r  at near sonic veloci ty  atomized the  f u e l  t o  a f i n e  m i s t ,  which 
w a s  d i rected downstream a t  a 40° angle t o  the  combustor axis. The com- 
bust ion a i r  w a s  accelerated by blocking of f  about 88 percent of the duct 
a rea  with p l a t e s  inser ted  between t h e  spray bars  ( f i g .  4 ) .  The f u e l  in- 
j e c t o r  was water-cooled so t h a t  REF-2 flow could be i n i t i a t e q w h i l e  t h e  
preheater w a s  operating. 

Fuel system. - The f u e l  systems and the method f o r  supplying a i r  
f o r  atomization of the  f u e l  are shown i n  f igure  5. 
tem w a s  f lushed with dry JP-4 f u e l  immediately a f t e r  each HEF-2 t e s t .  

The t e s t - f u e l  sys- 

Fuels. - Propert ies  of the  REF-2, along with propert ies  of penta- 
borane, are l i s t e d  i n  t a b l e  I. 
combustor w a s  manufactured a t  a much e a r l i e r  date  than t h a t  used i n  the  
afterburner.  
t i o n  for  these two f u e l s . )  
were used interchangeably f o r  c a l i b r a t i n g  t h e  apparatus and for warmup 
p r i o r  t o  the  HEF-2 t e s t s .  

(The batch of HEF-2 used i n  t h e  8-in.  

There I s  no cor re la t ion  of composition and heat  of combus- 
Propylene oxide and JP-4 f u e l  (warmup f u e l s )  

It 

. 
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Instrumentation. - The combustion air, atomizing air ,  and cooling 
air  were metered by sharp-edged or i f ices  conforming t o  ASME standards. 
REF-2 flow r a t e s  were sensed by two rotating-vane flowmeters, each of 
which w a s  connected t o  a separate continuous recorder. 

Barrel t h r u s t  w a s  measured by a s t r a i n  gage connected t o  a contin- 
uous recorder. A camera recorded a t  5-second in te rva ls  the  manometer- 
board readings, which consisted of o r i f i c e  d i f f e r e n t i a l  pressures,  
s t a t i c  pressures ( s t a t i o n s  shown i n  f i g .  2) ,  combustor-inlet t o t a l  pres- 
sure,  and exhaust-plenum pressure.  

Thermocouple data  from the  air o r i f i c e s ,  f u e l  meters, combustor in- 
l e t  ( s t a t i o n  2) , combustor and nozzle w a l l s  ( f i g .  2) , and cooling-air  
discharge were recorded every 6 seconds on self-balancing potentiometers. 
A t  the  lower equivalence r a t i o s  investigated,  radial-temperature pro- 
f i l e s  of the combustion products were obtained by means of a t ravers ing  
thermocouple connected t o  a fast-response, self-balancing recording po- 
tentiometer.  The thermocouple w a s  mounted 8 inches upstream of the  noz- 
z l e  entry.  
3) w a s  used f o r  t h e  ca l ibra t ion  t e s t s  and w a s  replaced with an exposed- 
bead thermocouple f o r  t h e  REF-2 t e s t s .  

A ca l ibra ted  sonic-flow aspirating-type thermocouple ( r e f .  

Samples of t h e  " - 2  combustion products were obtained with a 
liquid-nitrogen-cooled probe immersed i n  t h e  stream. Sol ids  were trapped 
on glass-wool gauze, and the f i l t e r e d  gases flowed i n t o  an evacuated bot- 
t l e .  Operation of the apparatus w a s  control led by a remotely operated 
valve. 

Procedure. - The procedures f o r  ca l ibra t ing  the  t e s t  apparatus and 
f o r  conducting the REF-2 t e s t s  a r e  taken from reference 2. Each t e s t  
w a s  conducted i n  the  following manner: The REF-2 flowmeters and t h e  
t h r u s t - b a r r e l  s t r a i n  gage were cal ibrated.  After  combustion airflow was 
establ ished,  warmup f u e l  w a s  introduced a t  t h e  preheater and through the 
warmup-fuel o r i f i c e s  immediately upstream of the  REF-2 in jec tor .  Com- 
p l e t e  s e t s  of d a t a  were taken a t  various f u e l - a i r  r a t i o s  t h a t  yielded 
combustor-outlet temperatures ranging f r o m  6000 t o  25000 F. The da ta  
obtained i n  t h i s  manner were used t o  c a l i b r a t e  the  apparatus. During 
t h e  c a l i b r a t i o n  a l l  instruments were checked f o r  proper functioning and 
t h e  apparatus w a s  t e s t e d  f o r  leaks.  Next, t h e  apparatus w a s  cooled and 
t h e  sonic-flow asp i ra t ing  thermocouple w a s  replaced with t h e  open-bead 
thermocouple. 

The combustor w a s  zreheated before i n j e c t i o n  of the test .  fi iel  ~ A_? 
soon as t h e  REF-2 flow w a s  established, t h e  warmup f u e l  w a s  shut o f f .  
A i r -  and fuel-flow r a t e s  were quickly adjusted t o  predetermined values, 
and da ta  were taken a t  these f ixed flow rates f o r  a period of a t  least  
15 seconds. On most runs, t h e  fue l -a i r  r a t i o  w a s  then changed t o  a new 



value, and t h e  t e s t  w a s  continued u n t i l  t h e  f u e l  w a s  expended. 
cases,  a combustion-product sample w a s  obtained during the  run. Sam- 
p l ing  of the  products, which required about 20 seconds, w a s  begun s h o r t l y  
a f t e r  the  f u e l - a i r  r a t i o  w a s  s e t .  
alyzed f o r  f r e e  hydrogen and free boron.) 

I n  many I 

(The samples were quant i ta t ive ly  an- 
- 

After each t e s t ,  t h e  combustor, t h e  nozzle, and the  f u e l  i n j e c t o r  
were inspected and thoroughly cleaned. Measurements of the  nozzle-throat 
diameter determined the  amount of area change r e s u l t i n g  from the  l a r g e  
thermal s t r e s s e s  t h a t  occurred during the  t e s t .  

Large- Scale Ins  ta l la t  ion 

General assembly. - The large-scale  i n s t a l l a t i o n  ( f i g .  6) consis ted 
of a primary-combustor sec t ion  of a t u r b o j e t  engine, a mixing sect ion,  
an afterburner,  and a converging exhaust nozzle. Nonvitiated heated a i r  
w a s  metered t o  the  primary combustor where it w a s  f u r t h e r  heated with 
j e t  f u e l  t o  a f te rburner - in le t  conditions.  E i ther  HEF-2 or JP-4 f u e l  
could be burned i n  t h e  af terburner .  Ign i t ion  of the  af terburner  was by 
a "hot s t reak" i n i t i a t e d  a t  the  primary-burner o u t l e t .  The combustion 
produzts were cooled. and scrubbed with w a t e r  sprays. 
car r ied  t o  the  a l t i t u d e  exhaust system, while the  scrubbing water and. d i s  
solved products were pumped t o  a s e t t l i n g  basin.  

The gases were 

. 

Combustor and nozzle. - The af terburner  w a s  10 f e e t  long and had an  
inside diameter of 28  inches. The double-walled construction provided 
an annular passage f o r  cooling a i r .  No af terburner  l i n e r  w a s  needed. 

The exhaust nozzle ( f i g s .  7 and 8) w a s  machined from mild-steel  
p la tes  welded together.  The inside surface w a s  nickel-plated.  Cooling 
air  supplied t o  a manifold a t  t h e  upstream end flowed through a 3/4-inch 
annular passage and w a s  discharged i n  t h e  plane of t h e  nozzle e x i t .  

Fuel in jec tors .  - Fuel w a s  in jec ted  at  r i g h t  angles t o  t h e  airs t ream 
by the air-atomizing spray bars  shown i n  f igures  9 and 10. There were 1 2  
por t s  per  bar ,  s i x  on each s ide ,  with 18 bars  t o  a complete s e t .  They 
were designed with these s p e c i f i c  object ives  i n  mind: 

(1) To prevent REF-2 from decomposing i n  the f u e l  tube.  This re- 
quirement necessi ta ted a considerable quantity of atomizing a i r  as a 
coolant, p a r t i c u l a r l y  s ince t h e  spray bars  were located downstream of the  
flameholder. 

( 2 )  To prevent clogging of i n j e c t i o n  por t s  due t o  impingement of 
droplets  on the  inside edge of t h e  a i r  hole.  Had t h e  por t s  been two con- 
cent r ic  holes, expansion of t h e  outer  tube r e l a t i v e  t o  t h e  inner tube 
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would have resu l ted  i n  eccent r ic i ty  i n  t h e  alinement of t h e  holes and 
impingement of t h e  f u e l  jets.  Therefore, a short tube extending through 

p o r t .  The tubes and air holes were constructed- eccentr ic  t o  each o ther  
s o  t h a t  t h e  expected expansion would bring them concentric.  

- t h e  atomizing-air hole w a s  welded t o  the fuel-supply tube at  each f u e l  

(3)  To obtain a well-atomized fue l  spray. To preclude impingement 
of f u e l  on combustor w a l l s  and adjacent i n j e c t o r s  and t o  vaporize the  
fue l  as quickly as possible,  near sonic ve loc i ty  of t h e  atomizing a i r  

3 
i) at  each i n j e c t i o n  port  w a s  desired.  - 

( 4 )  To obtain high combustion efficiency. Six p a i r s  of i n j e c t i o n  b 
por ts  p e r  bar ,  216 t o t a l  points  of inject ion,  were f e l t  t o  be t h e  m a x i -  

mul t igu t te r  flameholder w a s  selected.  Location of t h e  fuel-spray bars  
upstream of the  flameholder then w a s  impossible, s ince decomposed f u e l  

j e c t i o n  por t s  were therefore  located downstream of but  close enough t o  
the  g u t t e r  edges of t h e  flameholder t o  spray f u e l  i n t o  t h e  turbulent  
wakes of the  gut te rs  but far enough away t o  prevent r e c i r c u l a t i o n  of de- 
composed f u e l  and boric  oxide i n t o  t h e  gut te rs .  

- mum number p r a c t i c a l .  A l s o ,  t o  achieve good combustion eff ic iency,  a 

. and combustion products would accumulate on flameholder p a r t s .  The in- 

(5) To provide a f l a t  temperature d i s t r i b u t i o n  across the  combustor. 
The f u e l  por t s  were s ized  t o  give a constant f u e l - a i r  r a t i o  across the  
plane of the  in jec tors .  

Fuel-manifold pressure a t  m a x i m u m  flow rate of 1 . 2 5  pounds per  sec- 
ond w a s  about 50 pounds per  square inch gage. Atomizing-air flow aver- 
aged about 1 .5  pounds per second a t  a manifold pressure of 80 pounds per 
square inch gage. SP-4 f u e l  w a s  also burned from these i n j e c t o r s  during 
warmup and ca l ibra t ion .  

Flameholder. - The downstream edges of the  c i r c u l a r  V-gutters were 
i n  the  same plane ( f i g s .  9 and 10). 
and the  center  cone were simple modifications t o  t h e  o r i g i n a l  flameholder 
t o  provide increased blockage. Equally d i s t r i b u t e d  blockage of the  com- 
bustor  cross-sect ional  area would have brought t h e  outer  g u t t e r  too close 
t o  the  combustor w a l l .  Short r a d i a l  V-gutters were included between 
t h e  second and t h i r d  gut te rs  and extended beyond t h e  outer  g u t t e r  t o  make 
up some of t h i s  blockage. The t o t a l  blockage amounted t o  77 percent 
of the  combustor cross-sectional area.  

The hollow tubes between g u t t e r s  

. 
Fuel system. - The f u e l  system was e s s e n t i a l l y  the same as %ai de- 

scr ibed e a r l i e r  for t h e  small-scale apparatus, with one exception. The 
JP-4 f u e l  l i n e  t o  t h e  af terburner  w a s  teed t o  t h e  "-2 l i n e  where it 
entered t h e  af terburner  f u e l  manifold. Hence, af terburner  warmup w a s  
obtained by i n j e c t i o n  of JP-4 f u e l  through the  HEF-2 i n j e c t o r s .  
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Instrumentation. - Combustion-air flow w a s  measured by a ca l ibra ted  . 
Venturi; atomizing-air, af terburner  cooling-air ,  and nozzle cooling-air  
flows were measured with sharp-edged o r i f i c e s .  
measured by rotating-vane flowmeters. Temperatures w e r e  taken a t  t h e  
f u e l  and a i r  measuring s t a t i o n s  and a t  t h e  af terburner- inlet  s t a t i o n .  
Total and s t a t i c  pressures were taken at  t h e  af terburner  i n l e t ;  t o t a l  
pressures were also taken through a water-cooled rake a t  t h e  nozzle 
inlet .  

Fuel-flow r a t e s  were 

The exhaust-nozzle instrumentation consisted of 48 Chromel-Alumel 
s k i n  thermocouples, 48 s ta t ic -pressure  taps ,  four  l i p  s ta t ic -pressure  
taps ,  and e ight  thermocouples a t  t h e  cooling-air  in le t  and o u t l e t .  
s k i n  thermocouples were divided evenly between two rows s p i r a l i n g  a x i -  
a l l y  through t h e  nozzle 180° apar t .  
couples are indicated i n  f igure  7. The s ta t ic -pressure  taps  were l o -  
cated i n  two rows displaced 90° from the thermocouples but at  t h e  same 
a x i a l  s t a t i o n s .  

The 

The a x i a l  locat ions of the thermo- 

A l l  pressures,  temperatures, and f u e l  flows were recorded on an 
automatic d i g i t a l  data-reduction system. 

Procedure. - The large-scale  t e s t  runs were conducted as follows: 
The proper airflows were establ ished t o  the  primary combustor, a f t e r -  
burner cooling s h e l l ,  and exhaust-nozzle cooling s h e l l .  When an i n l e t  
a i r  temperature of 1060° R w a s  reached, t h e  primary combustor w a s  ig- 
n i ted .  Jp-4 f u e l  flow w a s  increased u n t i l  t h e  primary-burner o u t l e t  
temperature w a s  2000° R.  
mainder of t h e  t e s t .  Check-point da ta  on primary-burner performance 
were recorded a t  t h i s  po in t .  
in jec tors  w a s  set, and JP-4 f u e l  w a s  introduced and ign i ted  by t h e  hot  
s t reak.  
Afterburner f u e l  flow w a s  increased t o  a predetermined f u e l  flowmeter 
s e t t i n g  t o  give 2660° R.  Airflow w a s  adjusted u n t i l  t h e  afterburner- 
i n l e t  s t a t i c  pressure w a s  5000 pounds p e r  square foot .  Check-point d a t a  
on afterburner JP f u e l  performance were then recorded. The REF-E tank 
w a s  pressurized; and, as HEF-2 w a s  t h r o t t l e d  i n t o  t h e  af terburner  f u e l  
manifold, JT-4 was  t h r o t t l e d  out. Nozzle-inlet  temperatures were s t a b i -  
l i z e d  a t  desired l e v e l s  between 2700° and 39000 R by adjust ing HEF-2 
flow t o  predetermined flowmeter s e t t i n g s .  A constant af terburner  s t a t i c  
pressure of about 5000 pounds per  square f o o t  w a s  maintained. A con- 
tinuous purge of all pressure taps  w a s  in te r rupted  only during t h e  30 
seconds required t o  record t h e  pressures.  

This temperature w a s  held constant f o r  t h e  re-  

Atomizing-air flow t o  the  af terburner  f u e l  

The exhaust back pressure w a s  reduced t o  about 1 / 2  atmosphere. 

* 

- .  
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ANALYTIC PROCEDURE 

C ale ulat ions 

9 

The principal quantities calculated from the data were thrust at 
the nozzle throat F8, thrust at the nozzle exit F15 in the case of 
the small-scale nozzle, and combustion efficiency ye. (See appendix A 
for a listing of symbols.) A detailed description of the computation 
method is given in reference 2. Combustion-efficiency computations are 
naturally quite sensitive to the composition and enthalpy content of the 
exhaust products. The analytic procedure assumes that the boron is in 
the form of B2O3 and that it does not dissociate. 
are assumed to be at composition equilibrium at the combustor exit but 
at a frozen state in the nozzle. 

The other products 

The total temperature at the nozzle throat T8, herein called the 
experimental temperature, is computed from the continuity equation for 
measured values of pressure and weight flow: 

8 

The nominal area AN requires correction factors that account for 
boundary-layer film and nozzle-wall curvature cd and thermal expansion 
of the wall Ck. For each nozzle, the coefficient Cd was computed by 
means of reference 4 and is presented in figure 11J ck for the Converg- 
ing nozzle was determined from nozzle wall temperatures and ASME nozzle 
standards; Ck for the converging-diverging nozzle was computed from the 
measured pressures, temperatures, and flow when buming warmup fuel (see 
fig. 12). 

The properties R and y change with the amount of liquid and va- 
por present in the mixture as well as with the equivalence ratio1 

and 



where t h e  sum i s  taken over components of t h e  mixture. 
and (3)  are developed b a s i c a l l y  i n  t h e  same manner as given i n  reference 
5. 
t h e  throat:  

Equations ( 2 )  

The quant i t ies  involved are evaluated a t  t h e  s t a t i c  temperature of 

The combustion e f f ic iency  i s  defined as the  enthalpy r i s e  across 
t h e  combustor divided by the  heat of combustion: 

H8 + (hv "> + 2 - H3 
wa a wa 

U - 
ChCf qc - (5) 

The equation assumes t h a t  t h e  e n t i r e  combustion process occurs down- 
stream of s t a t i o n  3. The bas is  i s  1 pound of a i r .  The term q ac- 
counts f o r  the heat t ransfer red  t o  t h e  coolant between s t a t i o n s  3 and 8, 
H 3  i s  t h e  enthalpy of a l l  the  incoming air  and f u e l ,  and H8 i s  t h e  
enthalpy o f  the  products exclusive of t h e  l a t e n t  heat  of vaporization of 
t h e  boric oxide. 

Equations (1) t o  (5) permit t h e  evaluation of T8 and qc when 
Conversely, t h e  f r a c t i o n  o f  boric  oxide i n  the  vapor s t a t e  i s  known. 

equation (5) can be used t o  determine t h e  r a t i o  of l i q u i d  t o  vapor oxide 
i f  qc i s  known. 

The experimentally determined stream t h r u s t  a t  the  nozzle t h r o a t  
(sum o f  a pressure term and a momentum term) is  

For each nozzle, the  coef f ic ien t  Qq, which includes the e f f e c t s  of 
nonuniform flow i n  the mainstream and t h e  boundary l ayer ,  i s  computed 
by means of reference 4 and i s  presented i n  f igure  11. I n  t h e  case of 
t h e  convergent-divergent nozzle, t h e  experimentally obtained stream 
t h r u s t  at  t h e  nozzle e x i t  is 

s 

where t h e  ax ia l  force on the  divergent surface of t h e  nozzle 
obtained from s ta t ic -pressure  measurements along t h e  nozzle surface,  

ZpA i s  
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and m i d  i s  t h e  i d e a l  one-dimensional stream-thrust  increase between 
t h e  t h r o a t  and t h e  e x i t .  The r a t i o  of the  t h r u s t  increase t o  t h e  i d e a l  
t h r u s t  

0 

I 

4 

and i s  p l o t t e d  i n  f igure  13. 

The f r i c t i o n  coef f ic ien t  C f r  i s  shown i n  f igure  11. The perfom- 
ance of t h e  nozzle divergence (omitting f r i c t i o n  terms) is  defined as 

and i s  presented on f igure  1 4  f o r  warmup-fuel products of combustion. 

d 

3 B employed. 
u termined by t h e  t h r u s t  b a r r e l  F15,bb is t h e  sum of the  strain-gage 

force  and a smaller force stemming from the  axial body forces  act ing on 
t h e  o u t e r  surface of the  t h r u s t  bar re l .  (The subscr ipt  bb w i l l  be 
used throughout t h e  repor t  t o  d i f f e r e n t i a t e  between t h e  two methods of 
evaluating t h e  nozzle-exit stream t h r u s t .  For the  convergent nozzle, 
t h e  a l t e r n a t i v e  method of t h r u s t  measurement w a s  t o  employ a momentum 
envelope within the  exhaust nozzle. 

For each nozzle, an a l t e r n a t i v e  means of measuring t h e  t h r u s t  w a s  
For t h e  convergent-divergent nozzle, t h e  e x i t  t h r u s t  as de- 

I 

5 

The e x i t  t h r u s t  here i s  

where Cfr  for t h e  convergent nozzle w a s  taken t o  be 0.003. 

Performance Analysis 

The method of analysis  of t h e  data  obtained with each apparatus 
c lose ly  p a r a l l e l s  t h e  analysis  method employed f o r  t h e  pentaborane da ta  
( r e f .  2 ) .  The combustion eff ic iency is obtained from the  experimental 
temperature (eq. (1)). The method i s  as follows. 

If equation (5) and all other  equations containing terms af fec ted  
by the  composition OS the  Combustion products are to be sdvec i ,  Gie 
r a t i o  of vaporized t o  t o t a l  boric  oxide must be known. 
methods a r e  avai lable  f o r  determining t h e  amount of vaporized boric  
oxide. I n  t h e  conventional method, the amount of oxide vapor i s  defined 

Actually, two 
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by the i d e a l  equilibrium vapor-pressure data .  
t h e  oxide phase and the  combustion efficiency dependent on t h e  vapor- 
pressure da ta  ( r e f .  Z ) ,  an i n d i r e c t  method of making t h e  determination 
w a s  used. The bor ic  oxide w a s  assumed t o  be all i n  t h e  l i q u i d  phase a t  
the  lowest equivalence r a t i o s  t e s t e d  and all i n  t h e  vapor phase a t  t h e  
highest  equivalence r a t i o s  t e s t e d .  
solut ion of all the  equations. The computed combustion e f f i c i e n c i e s  of 
t h e  fuel  a t  both the lowest and highest  equivalence r a t i o s  t e s t e d  were 
found t o  be a constant value. This value of combustion e f f ic iency  w a s  
therefore  assumed t o  e x i s t  a t  intermediate values of equivalence r a t i o  
where the  boric oxide w a s  i n  a mixed phase a t  t h e  nozzle t h r o a t .  With 
t h e  combustion eff ic iency specif ied,  the  amount of oxide i n  each phase 
could be computed by a t r ia l -and-er ror  so lu t ion  of equations (1) t o  (5).  

Because t h i s  method makes 

These assumptions permitted a d i r e c t  

Thrust equations (6), ( 7 ) ,  and (10) assume t h a t  t h e  -oxide film on b 
t h e  nozzle surfaces i s  smooth and of negl igible  thickness so t h a t  t h e  
a rea  o f  t h e  t h r o a t  and t h e  value of C f r  a r e  unaffected. Thrust values 
obtained from t h e  t h r u s t  b a r r e l  are applicable f o r  even t h e  t h i c k e s t  
f i lms.  Therefore, a comparison of F15 (values from eq. ( 7 ) )  and 
F15,bb 
Also ,  t h e  two methods provide a check on t h e  accuracy of t h e  convergent- 
divergent nozzle d a t a  as a whole. 
d a t a  were l e s s  precise  than the  F15 data; consequently, t h e  F15 val- 
ues are of t h e  grea te r  accuracy when oxide f i l m s  a r e  not an influencing 
fac tor .  

provides means of measuring the  e f f e c t  of the  f i l m s  on t h r u s t .  

F15,bb As  noted i n  appendix B, the  

I n  order t o  c l a r i f y  t h e  comparison between experimental d a t a  and 
t h e  t h e o r e t i c a l  ( i d e a l )  data,  t h e  experimental d a t a  were reduced t o  a 
base o f  un i t  airflow, zero heat  l o s s  through t h e  burner w a l l ,  and a con- 
'stant i n l e t  a i r  temperature. The t h e o r e t i c a l  d a t a  were corrected f o r  
three-dimensional flow i n  t h e  nozzle but  omitted any correct ion f o r  
f r i c t i o n .  The methods used are as follows: 

(1) Idea l  performance, based on uni t  airflow, is  

and 

A value of 76 ( f i g .  14 )  w a s  used f o r  
were computed f o r  an i n l e t  a i r  temperature of 360° R f o r  t h e  convergent- 
divergent nozzle and 8 4 4 O  R for the  convergent nozzle. 

vw. The i d e a l  impulse data  



CL) 
(3, 
r- 
I w 

13 

( 2 )  The experimentally obtained data  reduced t o  a uni t  airflow base 
are 

F8 

a 
sa = - w 

(3) The experimentally obtained data  were corrected t o  t h e  i n l e t  
a i r  temperature of 360° R (or 844O R)  as follows: 

- 360 (or 844) T3, c o n  

(J'corr = . - [  f p l h c  

where 

T 3 , c ~ r r =  T3 - 
a PJ3 

This method i s  analogous t o  t h e  method of reference 2, wherein t h e  cor- 
r e c t i o n  w a s  applied t o  t h e  t h r u s t s  and temperatures r a t h e r  than cp. 

RESULTS AND DISCUSSION 

It should be emphasized t h a t  the techniques used t o  obtain t h e  ex- 
perimental r e s u l t s  were selected because of t h e i r  r e l a t i v e  insens i t ive-  
ness t o  the  choice of thermodynamic values used i n  t h e  data-reduction 
process. I n  cont ras t ,  r e l a t i v e l y  minor var ia t ions  i n  the  thermodynamic 
and k i n e t i c  d a t a  f o r  t h e  combustion product can have a pronounced e f f e c t  
on i d e a l  analyses and hence on t h e  values of combustion e f f ic iency  ob- 
ta ined.  Likewise, any o ther  in te rpre ta t ion  of the  experimental d a t a  
t h a t  uses an ideal performance yardstick is suspect.  The same thermo- 
dynamic d a t a  (refs. 6 and 7)  u t i l i z e d  i n  reference 2 t o  compute t h e  ex- 
perimental and ideal performance were used i n  t h i s  repor t .  

Values f o r  t h e  thermodynamic properties of boron compounds a t  ele-  
vated temperatures have undergone continuous revis ion during the  course 
of t h i s  s tudyj  however, it i s  only f i t t i n g  and proper t h a t  t h e  experi- 
mental results obtained i n  t h e  m a n n e r  out l ined previously be compared 
with t h e  i d e a l  r e s u l t s  obtained by meitns of t h e  most recent "best  value" 
data .  One such comparison is  given i n  t h e  sec t ion  "Most Recent 
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Thermodynamic Data." 
recomputation of all t h e  r e s u l t s  on t h e  bas i s  of these  best-value da ta  
w a s  not undertaken. 

Since even these  recent da ta  a r e  subject  t o  change, 

Test data f o r  t h e  small-scale engine a r e  presented i n  tables I1 t o  
IV; test d a t a  f o r  the  large-scale engine a r e  presented i n  t a b l e s  V and 
V I .  A t  t h e  lower temperatures encountered i n  these tes ts ,  the  combus- 
t i o n  products contained l i q u i d  bor ic  oxide p a r t i c l e s .  Since t h e  prod- 
ucts  are  not completely gaseous, t h e  use of perfect-gas,  one-dimensional- 
flow equations t o  obtain the  performance parameters may be questionable. 
Therefore, before the  performance parameters a re  discussed, results t h a t  
j u s t i f y  t h i s  method of analysis  w i l l  be presented. 

The combustion products from hydrocarbon f u e l  a r e  "clean"; t h a t  i s ,  
they a r e  completely gaseous. A comparison of the  t h r u s t  Fa obtained 
from equation ( 6 )  using one-dimensional isentropic  expansion a t  constant 
r with t h e  "actual" t h r u s t  Fa,,, obtained from a summation of t h e  
measured pressures within t h e  nozzle i s  shown on f i g u r e  15. 
t h r u s t  for the  clean products of Jp-4 i s  within 0 .4  percent of t h e  
' 'actual" t h r u s t .  This shows t h a t  t h e  terms t h a t  can en ter  i n t o  equation 
( 6 )  a r e  applied cor rec t ly  f o r  hydrocarbon combustion products. 

The i d e a l  

That equation (6)  is  j u s t  as v a l i d  f o r  boron-fuel combustion prod- 
ucts i s  a l s o  i l l u s t r a t e d  i n  f igure  15. The same good agreement between 
Fa and 
though the combustion products were not clean. 

w a s  obtained f o r  t h e  mixture of "-2 and JP-4, even 

From the  preceding discussion it i s  apparent t h a t  a modified one- 
dimensional isentropic  analysis  is  j u s t i f i e d  f o r  t h e  nozzle as a whole. 
It is evident i n  f igures  1 6  t o  18 t h a t  t h e  change of pressure with area 
a t  each s t a t i o n  i n  t h e  nozzle i s  the  same f o r  boron combustion products 
as f o r  hydrocarbon products. 
all s ta t ions  i n  the  nozzle behave as a per fec t  gas expahding i n  a frozen 
s ta te .  
expansion, the  da ta  exhib i t  a frozen-expansion type of behaviorj  t h a t  
is, (1) a t  temperatures where t h e  bor ic  oxide i s  a l l - l i q u i d ,  t h i s  l i q u i d  
remains f i x e d  i n  quantity and i s  a t  temperature and ve loc i ty  equilibrium 
with the gaseous products; and ( 2 )  a t  temperatures where t h e  bor ic  oxide 
i s  appreciably or t o t a l l y  vaporized, t h e r e  i s  no change i n  phase or com- 
posi t ion within t h e  nozzle. 

This result shows t h a t  these products a t  

Therefore, both i n  t h e  o v e r a l l  expansion and i n  t h e  incremental 

These r e s u l t s  are i d e n t i c a l  with those f o r  pentaborane (ref.  Z ) ,  
with one exception: Trace amounts of condensation were observed near 
t h e  nozzle t h r o a t  with pentaborane a t  several o f  t h e  f u e l - a i r  r a t i o s  in-  
vestigated.  This w a s  evidenced by an abrupt s h i f t  i n  pressure r a t i o  i n  
the  region of condensation. I n  the  present  inves t iga t ion  no such devia- 
t i o n  was observed. The absence of condensation could be a t t r i b u t e d  t o  
the  lower concentration of oxide present.  
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The use of equation (I) t o  obtain the  temperature of the  product i s  
j u s t i f i e d  on the  grounds t h a t  it w a s  developed from the  s m e  basic  as- 
sumptions of thermodynamic state and process as w a s  equation (6 ) .  How- 
ever, an e r r o r  i n  t h e  experimental temperature can be introduced by i m -  
proper se lec t ion  of R8 and r8. The l a r g e s t  e r r o r  would be expected 
i f  the  boron product were assigned t o  t h e  wrong phase. Using the 3500° 
R temperature l e v e l  of the  afterburner as an example, t h e  a l l - l i q u i d  
bor ic  oxide s t a t e  y ie lds  a 30' R higher temperature than does the all- 
vapor s t a t e .  On t h e  o ther  hand, i f  the combustion products a t  the  
higher temperatures (all vapor) had been assumed t o  be those of the  most 
recent  best-value thermodynamic data, the  r e s u l t i n g  experimental combus- 
t i o n  temperature would deviate only a f e w  degrees from the  experimental 
temperature obtained f o r  boric  oxide vapor. 

These invest igat ions were concerned primarily with the behavior of 
t h e  oxide-laden gases i n  exhaust nozzles; consequently, l i t t l e  w a s  done 
with t h e  combustors other  than t o  provide a reasonably f l a t  e x i t -  
temperature d i s t r i b u t i o n  and a combustion e f f ic iency  near 100 percent. 

Typical exit-temperature prof i les  a r e  p l o t t e d  i n  f igure  19 .  While 
n e i t h e r  p r o f i l e  w a s  as f l a t  as desired, t h e  3000 t o  4000 spread w a s  not 
considered ser ious.  The decrease i n  temperature toward the  center  of 
t h e  af terburner  was probably due t o  plugging of t h e  inner  two o r  t h r e e  
f u e l  p o r t s  on most of the  spray S a r s  with thermally decomposed REF-2. 

Combustion Efficiency 

The combustion e f f ic ienc ies  f o r  t h e  28-inch-diameter af terburner  
a r e  shown i n  f igure  20. Two ef f ic ienc ies  were calculated f o r  each d a t a  
poin t ]  one assuming an a l l - l i q u i d  boric oxide and the  other  assuming an 
all-vapor bor ic  oxide. The combustion eff ic iency a t  low equivalence 
r a t i o s ,  where t h e  oxide w a s  i n  t h e  a l l - l i q u i d  s t a t e ,  and a t  high equiva- 
lence r a t i o s ,  where the  oxide was all vaporized, w a s  100 percent. These 
d a t a  and t h e  8-inch-diameter combustor d a t a  are summarized as follows: 

Fuel 

HEF-2 (8-in.  -diam. combustor) 

REF-2 + JP-4 (28-in. - d i m .  afterburner) 

Pentaborane (ref.  2) 100 I 100 I 
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Introduction of current bes t  values f o r  t h e  thermodynamic propert ies  
of t h e  boron product would y i e l d  s l i g h t l y  higher combustion-efficiency 
values i n  t h e  all-vapor column (see  l a t e r  discussion) .  

There is  no reason t o  suspect a v a r i a t i o n  from t h e  above-tabulated 
end values i n  the  indeterminate two-phase region. This reasoning i s  
substant ia ted by heat-balance da ta  of reference 8 and by results of 
exhaust-gas sampling i n  the  8-inch combustor. I n  t h i s  two-phase region 
it i s  a simple operation t o  determine what f r a c t i o n  of the  B2O3 must be R 

I 

cf 
i n  the  condensed s t a t e  t o  y i e l d  the  combustion e f f ic iency  obtained a t  
t h e  end s t a t e s .  The f r a c t i o n s  of bor ic  oxide condensed, calculated i n  (J 

\ 

t h i s  manner, a re  presented i n  the  t a b l e s  and a t  the  top  of f igures  2 1  t o  
25. 

c 

A decrease i n  combustion e f f ic iency  at  the  highest  equivalence ra- 
t i o  t e s t e d  can be observed from f igure  20 f o r  t h e  mixture of REF-2 and 
JP-4. A t  equivalence r a t i o s  near unity,  combustion e f f ic iency  f e l l  t o  
84 percent for HEF-2 alone ( t a b l e  I V ) .  Similar r e s u l t s  were observed 
i n  reference 8.  These observations a re  a t t r i b u t e d  ( r e f .  2 )  t o  insuf- 
f i c i e n t  mixing of t h e  f u e l  and a i r  p r i o r  t o  combustion. 
showed t h a t ,  when t h e  mixing i n t e n s i t y  w a s  increased, the  point a t  
which eff ic iency began t o  drop off  s h i f t e d  t o  a higher equivalence 
r a t i o .  

Reference 2 

Combustor-Exit Temperatures 

The i d e a l  and experimental combustor-outlet temperatures are p l o t -  
t e d  i n  f igures  2 1  and 22. For the  combustion of "-2, f igure  2 1  shows 
t h a t ,  below an equivalence r a t i o  of 0.506, t h e  experimental data  follow 
the  ideal  curve f o r  a l l - l i q u i d  boric  oxide but l i e  about 3 percent below 
it. 
an equivalence r a t i o  of 0.715. 
r e f l e c t i o n  of t h e  combustion e f f ic iency  (97 percent f o r  t h e  8-in.- 
combustor tests) .  

A s i m i l a r  departure can be observed i n  t h e  all-vapor region above 
The 3-percent deviat ion i s  probably a 

The experimental temperature ( f i g .  21) at  which s m a l l  amounts of 
vapor are observed agrees, within t h e  3-percent deviation, with t h e  
i d e a l  temperature of 3200° R. A s  t h e  equivalence r a t i o  i s  increased 
from t h i s  point,  a discrepancy a r i s e s  and becomes a m a x i m u m  at an equiv- 
alence r a t i o  of 0.715, where t h e  experimental da ta  ind ica te  t h a t  vapor- 
iza t ion  is  complete, whereas t h e o r e t i c a l l y  only 60 percent of the  oxide 
should be vaporized. The experimental temperature f o r  complete vapori- 
zat ion (3550O R)  w a s  about 400° below t h a t  t h e o r e t i c a l l y  predicted 
(3940O R ) .  

e 

Similar conclusions can be drawn from t h e  af terburner  d a t a  pre- 
sented i n  f igure  22. I n  t h i s  case t h e  oxide concentration a t  a given 



temperature w a s  lower than i n  the  case j u s t  discussed, since Jp-4 f u e l  
w a s  burned i n  t h e  primary combustor a t  t h e  same time t h a t  "-2 w a s  
being burned i n  the  af terburner .  For t h i s  reason the discrepancy be- 
tween i d e a l  and experimental curves i n  t h e  two-phase region i s  not as 
g r e a t  as f o r  "-2 alone.  The r e s u l t s  obtained from f igures  2 1  and 22 
compare favorably with the pentaborane r e s u l t s  of reference 2 i n  t h a t  
t h e  i d e a l  da ta  show t h a t  only about h a l f  the  boric  oxide i s  vaporized a t  
t h e  equivalence r a t i o  where the  experimental da ta  show complete 
vaporization. 

A i r  Specific Impulse 

A i r  s p e c i f i c  impulse for the  8-inch- and the  28-inch-diameter en- 
gines i s  p l o t t e d  i n  f igures  23 and 24, respect ively.  Four i d e a l  models 
a r e  included. Both the  equilibrium- and frozen-expansion models assume 
t h a t  phase equilibrium e x i s t s  at  t h e  nozzle i n l e t .  A comparison of t h e  
impulse data and combustor-exit temperature da ta  f o r  each engine indi-  
ca tes  t h a t  t h e  ac tua l  products a re  characterized by a frozen-expansion 
process. This i s  the  same r e s u l t  t h a t  w a s  a r r ived  a t  on the basis of 
t h e  pressure-rat io  data  ( f i g s .  1 7  and 1 8 ) .  
the  departure of the  ideal-frozen curve from the ideal-equilibrium 
curve increases with Mach number, as i l l u s t r a t e d  by comparing f igures  
23 (M = 1) and 25 ( M >  1). Since the ac tua l  products a r e  observed t o  
continue expanding i n  a frozen manner i n  the divergent sect ion of  the 
s m a l l  nozzle, the departure of the experimental da ta  from the  i d e a l  
equilibrium expansion data becomes very s izable  a t  t h e  nozzle e x i t .  
For example, a t  an a i r  spec i f ic  stream t h r u s t  of 1 6 6  seconds, the 
a c t u a l  f u e l  consumption i s  over 20 percent grea te r  than the ideal-  
equilibrium value. Only a s m a l l  f r a c t i o n  of t h i s  i s  t raced  t o  combus- 
t i o n  ineff ic iency.  The remainder i s  divided between the performance de- 
f e c t  observed i n  t h e  combustor ( f ig .  22) and the  i n a b i l i t y  of the vapor- 
ized  bor ic  oxide t o  condense i n  the nozzle. 

I n  the  two-phase region, 

A comparison of experimental and i d e a l  f u e l  consumption f o r  several  
f u e l s  based on t h e  t h r u s t  l e v e l  a t  the nozzle t h r o a t  i s  shown i n  f igure  
26. ' The experimental d a t a  a r e  corrected t o  100-percent combustion e f -  
f ic iency,  and t h e  i d e a l  performance data a r e  f o r  the  frozen-expansion 
model. Below an a i r  s p e c i f i c  impulse of 140 seconds (low-temperature, 
a l l - l i q u i d  region) ,  the  deviation of experimental from i d e a l  performance 
i s  within experimental e r r o r .  As vaporization temperatures a r e  reached, 
t h e  deviat ion increases u n t i l ,  at air s p e c i f i c  t h r u s t  l e v e l s  of 152 sec- 

ramjet operating on HEF-2 than predicted by t h i s  t h e o r e t i c a l  model. 
About ha l f  as much deviation can be observed f o r  a turboje t  engine with 
af terburner ,  s ince  only p a r t  of the enthalpy r i s e  i s  contributed by t h e  
KEF-%fueled af terburner .  
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Regardless of the  t h e o r e t i c a l  considerations,  t h e  f a c t  remains 
t h a t ,  because of the  nature of the  combustion products of boron- 
containing fue ls ,  t h r u s t  levels  requir ing combustion temperatures above 
3200° R a r e  rea l ized  only at  considerable expense i n  f u e l  consumption. 
For instance, a t  an equivalence r a t i o  of 0.525 ( f i g .  25 ) ,  a 7-percent 
increase i n  stream t h r u s t  would require  a 36-percent increase i n  f u e l  
consumption. I n  other  words, no addi t ional  t h r u s t  is  derived from over 
half  the f u e l  required t o  increase t h e  combustor-outlet temperature 
from 3200° t o  3550O R.  Careful consideration should be given t h i s  ob- 
servat ion i n  the appl icat ion of boron-containing f u e l s  t o  ramjets and 
af terburners  t h a t  w i l l  operate i n  t h i s  temperature range. 

Most Recent Thermodynamic Data 

The thermodynamic d a t a  f o r  the  combustion products of boron- 
containing f u e l s ,  p a r t i c u l a r l y  t h e  vapor pressure of the  oxide, have 
undergone several  changes i n  t h e  past  few years.  The most consis tent  
s e t  for B2O3 products w a s  used i n  the  calculat ions herein.  However, 
s tud ies  recent ly  reported ind ica te  t h e  major product formed from B2O3 
l i q u i d  a t  elevated temperatures i n  t h e  presence of water vapor i s  meta- 
bor ic  acid (HBOz) r a t h e r  than bor ic  oxide vapor (B-203). 
"best  value" data  there  i s  considerable l a t i t u d e  i n  choice of values. 
I d e a l  combustion temperatures were calculated f o r  RB02 product based on 
a value of 132.5 k i loca lor ies  per  mole f o r  t h e  formation of B O z  chosen 
from the  lower l i m i t  given i n  reference 9.  The r e s u l t s  are p l o t t e d  i n  
f i g u r e  27 f o r  comparison with i d e a l  B2O3 data and t h e  experimental da ta  
of f igure 22. The s m a l l  d i f ference between the  two all-vapor curves i s  
due t o  t h e  difference i n  t h e  heat absorbed i n  vaporizing B2O3 compared 
with t h a t  absorbed i n  t h e  formation of  HBOz. The a l l - l i q u i d  curves a r e  
ident ica l ,  s ince l i q u i d  B2O3 precedes the formation of HBO2. 

Even i n  these  

An important r e s u l t  t o  be observed from t h i s  p l o t  i s  the  difference 
i n  t h e  two phase-equilibrium curves f o r  t h e  i d e a l  data .  The displace- 
ment of these two curves i s  due t o  the  difference i n  t h e  vapor pressures,  
t h a t  of KBOB being the  higher.  The formation of HB02 begins a t  a tem- 
perature of about 2%OOo R,  some 400° below t h a t  a t  which vaporizat ion of 
B2O3 begins. The temperature f o r  complete vaporization is  very near ly  
t h e  same f o r  both products, about 3750° R .  The experimental da ta  are 
observed t o  l i e  much c l o s e r  t o  t h e  HBOz curve than t o  t h e  B2O3 curve. 
I n  view of t h i s  r e s u l t ,  t h e  assumption t h a t  HBO2 is  t h e  major combustion 
product above 2800' R appears t o  be a v a l i d  one. 

c 
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Oxide Films 

The presence of boric  oxide films on the  nozzle surfaces presents 
Oxide fi lms decrease nozzle throa t  a rea  and hence 

Surfaces roughened by the viscous oxide (6000 poises a t  1000° 

&. 

two bas ic  problems. 
y i e l d  inaccuracies i n  t h r u s t  and temperature data ,  F8 and T4, respec- 
t i v e l y .  
F) incur f r i c t i o n a l  losses.  This report  u t i l i z e s  the techniques success- 
f u l l y  employed i n  reference 2 t o  ascer ta in  t h e  f i l m  thickness at  t h e  
t h r o a t  and the t h r u s t  loss  a t t r i b u t e d  t o  surface roughness. 
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All convergent-divergent nozzle data were screened t o  ensure t h a t  
t h e  f i lm thickness a t  t h e  t h r o a t  w a s  negligible.  This screening opera- 
t i o n  discarded some data  points  obtained at throat-wall  temperatures 
below 1000° F, the  danger-point temperature reported i n  reference 2. 
Several examples of t h r u s t  l o s s  incurred by oxide fi lms on t h e  nozzle 
divergence a re  shown i n  f igure  28. The loss i s  observed t o  increase 
during t h e  f irst  20 seconds of t e s t i n g  as the film grows t o  equilibrium 
thickness.  
equivalence r a t i o s .  Di f f icu l ty  w a s  encountered i n  operating a t  nozzle- 
w a l l  temperatures as high as those obtained i n  the  pentaborane t e s t s .  
However, t h e  present da ta  a r e  i n  good agreement with t h e  pentaborane 
t e s t s ,  which showed t h r u s t  losses  amounting t o  as much as 6 percent when 
t h e  divergent w a l l  temperatures were below 800° F. 

The highest  f r i c t i o n a l  losses are associated with the  lowest 

I n  the  la rge  nozzle {afterburner t e s t s ) ,  w a l l  tempera.tures ( t a b l e  
V )  were always wel l  above the  danger point.  
observable f i lm e f f e c t s  on t h e  data .  

As expected, there  were no 

SUMMARY OF RESULTS 

Invest igat ion of t h e  behavior of combustion products of REF-2 and 
of REF-2 and JP-4 expanding through a small-scale convergent-divergent 
exhaust nozzle and a f u l l - s c a l e  convergent exhaust nozzle yielded t h e  
following r e s u l t s :  

1. The behavior of t h e  exhaust products i n  t h e  subsonic and sonic 
flow regions appeared independent of nozzle s i z e .  
remained i n  thermal and ve loc i ty  equilibrium with t h e  r e s t  of the com- 
bust ion products. Liquid boric  oxide f i l m s  had a negl igible  e f f e c t  on 
performance f o r  t h e  w a l l  temperatures encountered i n  t h i s  invest igat ion.  

The l i q u i d  p a r t i c l e s  

3. 4.t.hnlJ-gh t . hP  p e r f n r m n n r e  l eve l  var ied with the  f u e l  used, t h e  
thermodynamic and kine t ic  behavior of the combustion products appeared 
t o  be independent of the type of f u e l  (L.e., 
mixture of HEF-2 and JP-4, or pentaborane of 

whether the f u e l  w a s  €E?-2, 
r e f .  2 ) .  
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3. Condensation of vaporized boron products d i d  not occur within 
e i t h e r  nozzle. 

4. The experimental results agreed with t h e  i d e a l  performance, 
within the  3-percent l i m i t  of combustion eff ic iency,  i n  t h e  region below 
3200O R. Below 32000 R t h e  boron const i tuent  i n  t h e  combustion gases i s  
i n  the l i q u i d  phase. 

5 .  The experimental. r e s u l t s  and i d e a l  performance (based on an a l l -  k 
I 

cc m 

vapor product) a l s o  agreed i n  t h e  region above 35000 R where t h e  boron 
consti tuent w a s  found t o  be i n  t h e  all-vapor phase. 

-. 

6. I n  the  two-phase region (32000 t o  3500° R), t h e  experimental 
da ta  showed a la rge  departure from i d e a l  values based on (1) an equi l ib-  
rium s t a t e  at  t h e  nozzle i n l e t  and (2)  boric  oxide as t h e  major combus- 
t i o n  product. When the vapor w a s  assumed t o  be metaboric acid,  t h e  
i d e a l  combustion temperatures showed good agreement with t h e  experimen- 
t a l  data. 

. 

7 .  I d e a l  performance predict ions based on frozen expansion of boric  
oxide product (HEF-2) can be as much as 11 percent higher than can 
actual ly  be a t ta ined  by engines operating a t  nozzle-inlet  temperatures 
above 3200° R.  

8. Oxide films on t h e  divergent surface of the  s m a l l  nozzle yielded 
t h r u s t  losses  as grea t  as 6 percent; losses  of t h i s  order had been pre- 
d ic ted  (ref. 2 )  i f  w a l l  temperatures dropped below 8000 F. 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, May 13, 1960 
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APPENDIX A 

SYMBOLS 

area, sq in. 

cross-sectional area of nozzle 

coefficient of discharge 

coefficient of friction 

thermal expansion coefficient 

momentum coefficient 

throat at 70° F 

molar specific heat at constant pressure, Btu/ (lb-mole) (OR) 

weight specific heat at constant pressure, Btu/(lb) (OR) 

stream thrust, lb 

actual thrust change between nozzle throat and exit, lb; 
AF = F15 - F8 = (ZPA)~ - friction 

21 

thrust change between nozzle throat and exit for one-dimensional 
isentropic flow of an ideal gas 

fuel-air ratio 

gravitational constant, 32.17 ft/sec2 

enthalpy per pound of air, Btu/lb 

heat of combustion, Btu/lb 

heat of vaporization of boric oxide, Btu/lb 

Mach number 

number of moles 

total pressure, lb/sq in. abs 

static pressure, lb/sq in. abs P 
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ZPA 

............... . . 0.. 0 .  . . . . . . . . . . . . . . . .  . . 0 .  . 0 .  . . . . . . .  .*cmlaaRN!rm : *::: ........................ 
a x i a l  pressure force on i n t e r n a l  surface of nozzle obtained by 

graphical in tegra t ion  of w a l l  s t a t i c  pressure against  cross- 
sec t iona l  area,  l b  

9 

R 

Sa 

heat re jec ted  t o  coolant,  Btu/sec 

f l u i d  constant, f t - lb /  ( l b  mixture) (OR)  

air  s p e c i f i c  impulse, l b  stream t h r u s t / ( l b  a i r )  ( see)  

T t o t d  temperature, OR 

t s t a t i c  temperature, OR 

v veloci ty ,  f t / s e c  

W weight-flow r a t e ,  lb/sec 

Y r a t i o  of spec i f ic  heats  

combustion eff ic iency 

divergence e f f ic iency  f o r  small-scale nozzle, ( Z P P A / ~ F ~ ~ ) ~  100 

VC 

VW 

cp equivalence r a t i o  

Subscripts : 

a 

bb 

C 

c o r r  

D 

en 

ex 

f 

g 

i d  

a i r  

t h r u s t  b a r r e l  

convergence 

corrected 

divergence 

envelope 

experimental 

f u e l  

gas 

i d e a l  

. 
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2 l i q u i d  

t t o t a l  

v vapor 

Numerical subscr ipts  denote a x i a l  posi t ion ( f i g s .  1, 2, and 6 ) ~  
s p e c i f i c a l l y ?  

2 upstream of test-burner f u e l  i n j e c t o r s  

3 

4 combustor e x i t  

downstream of f u e l  in jec tors  and p r i o r  t o  any conibustion 

1 

8 nozzle t h r o a t  . 
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15 nozzle e x i t  
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APPENDIX B 

ACCURACY OF MPERlMENTAL RFSULTS 

Small Scale 

The method by which t h e  small-scale apparatus w a s  ca l ibra ted  using 
warmup-fuel and a i r  products of combustion i s  described i n  d e t a i l  i n  
reference 2 .  

The ca l ibra t ion  da ta  were used t o  determine t h e  following: 

(1) Expansion of t h e  nozzle-throat area ck 

( 2 )  Divergence eff ic iency of per fec t  gases i n  the  nozzle diver- 
gence rlw 

L 

(3) Accuracy of Tg, % B y  F15, and F15,bb f o r  completely 
gaseous exhaust products 

Because of the  thrus t -bar re l  a l t e r a t i o n s  t h a t  reduced the  heat flux i n  
t h e  nozzle block, the  
those of reference 2 .  

Ck values presented herein d i f f e r  somewhat from 

Data accuracy statements (based on an o v e r a l l  analysis  of a l l  t h e  
data)  of reference 2 a r e  applicable t o  these  data  with two exceptions: 

(1) The stream t h r u s t  values (F1SYbb) obtained with t h e  t h r u s t  bar- 
r e l ,  while s t i l l  lacking t h e  degree of accuracy (99 percent) c i t e d  f o r  
stream t h r u s t  Fs and F15, a r e  considered t o  be i n  e r r o r  by no more 
than 1.5 t o  2 percent. 

(2 )  Stat ic-pressure measurements along the  nozzle surfaces f o r  
HE)?-2 products a r e  subject  t o  somewhat g r e a t e r  e r r o r  than f o r  penta- 
borane because of g r e a t e r  tendency for the  holes t o  become fouled with 
oxides. 
i n  the aft  port ion of t h e  divergent sect ion,  the  e r r o r  may be as grea t  
as 10 percent. 

I n  the convergent sect ion,  the  e r r o r  i s  l e s s  than 1 bercent; 

Emphasis must be placed on t h e  f a c t  t h a t  the  combustion tempera- 
t u r e s  obtained from equations (1) and (4), as well  as the  combustion- 
eff ic iency data,  a re  subject  t o  e r r o r  depending on t h e  extent  t h e  thermo- 
dynamic d a t a  depart from t h e  ac tua l  thermodynamics of the  combustion 
products. 
t i o n s  are discussed i n  t h e  R?3SULTS AND DISCUSSION sect ion.  The experi- 
mentally obtained t h r u s t  d a t a  a r e  e s s e n t i a l l y  independent of t h i s  type 

Temperature e r r o r s  a r i s i n g  from thermodynamic property var ia-  

t 



of e r r o r .  For example, a 5-percent change i n  the value of y i n  equa- 
t i o n  ( 7 )  w i l l  change the  stream t h r u s t  F15 by only 0.5 percent. 

Large Scale 

W 
a 
rc 

I w 

Airflow rates i n  the  large-scale  apparatus were measured within an 
Fuel-flow rates were measured within an estimated 

I n  

e r r o r  of 1 percent. 
e r r o r  of 0.5 percent.  
s ta t ic-pressure data contained er rors  i n  the order of 0.1 percent. 
some cases, total-pressure readings were affected by oxide deposits.  
When t h i s  occurred, s ta t ic-pressure data on t h e  upstream port ion of t h e  
nozzle were corrected t o  the t o t a l  pressure a t  s t a t i o n  4 by applying a 
mean s t a t i c -  t o  total-pressure r a t i o  obtained from ideal-gas, one- 
dimensional isentropic  flow re la t ions .  

Combustor-exit total-pressure da ta  and t h e  nozzle 

Accuracy of da ta  f o r  the  large-scale apparatus w a s  considered t o  
be comparable t o  or b e t t e r  than the accuracy of  t h e  smal le r  apparatus. 
This i s  primarily a t t r i b u t e d  t o  more accurate determination of nozzle- 
t h r o a t  area a t  operating temperature. 
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8-Inch 
combustor 

TABLE I.  - FUEL PROPERTIES 

28-Inch 
afterburner 

Heat of  combustion a s  obtained i n  a 
bomb calorimeter (HzO vapor, 
B203 c r y s t a l ) ,  Btu/lb 

f ac tu re r  ), percent by weight : 
Composition (da ta  supplied by manu- 

Monopropyl pentaborane 
Dipropyl pentaborane 
Pent aborane 
Other 

Elemental composition (used i n  com- 
puting performance), percent by 
weight : 

Boron 
Carbon 
Hydrogen 

S t  o i c h i  omet r i c f ue 1 - a i r  r a t  i o  
Paunds of bo r i c  oxide per pound of 

Specif ic  g rav i ty  
f u e l  

23,350 

72 
24 
3 
1 

48.82 
36.86 
14.32 
0.0726 

1.57 
0.73 

Pzntaborane (B5H9) 

Heat of combustion ( H 2 0  vapor, BZO3 

S to ic  hiornetric f u e l - a i r  r a t  i o  
Paunds of bo r i c  oxide per pound of 

c r y s t a l ) ,  Btu/lb 

f u e l  

24,500 

66.0 
13.0 
0.6 

20.2 

46.6 
39.8 
14.2 

0.0726 

1 . 5 7  
0 .73  

T 
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r \ I  . 
. . .  

L . . 5  

m 0 0 0 m m m r n N P h w m ~  
N N N M N N N N m N N N N C l  

0 
. . . . . . . . . . . .  

I I .o 
E M  sur 0 c c . o m  
U r( 4 i\ < N a i u  

i d  

* 

4 

0 0 N d i u1 N * L O N  N I ,  d 
m M . 3  0 m d d c, m 0 P d m c 
N - N W N O m N W m M I C m C  a h 0 *: d n d ( 0  13 P 13 1,; m LT 

0 -  
. . . . . . . . . . . . .  



29 

cd + 
ri . . . . . . . . . . . .  

0 I 

u 
M 
ri . . . . . . . . . . . .  

0 

R 
d 

cd 
ts) 
d 

N 
d 

0 

~ 1 1 1 1 1 1 1 1 1 + d  
N I I I I I I I I l r - a  
a l l  I I  I I  I I I O ?  
-* I I I I I I I I I 

0 1  I I I  I I  I I I 

f: 
d . . . . . . . . . . . .  

n 

cd 
d 
d 

0 
0 
d 

P 
0 
d . . . . . . . . . . . .  

0 

cd 
0 
d . . . . . . . . . . . .  

0 

. . . . . . . . . . . .  
0 

cd 
m 

0 

r- 
u 



30 

I 

I m * w m  i m m  i + o r i o . c r  . . . . . . . . . . . . . .  

I . . . . . . . . . . . . .  

I 

I 
m l h  
3 C d O  - 
E r l 4 m C  
e 0 4 c  0 %  

O Q  QJ; 5 5  5 5  
r. 

I 

m 
ci 
0 

3 

ri 
4 

0 
rl a 
fi u 
C 

m .+ 

n 



31 

d W M m d N r l - m N L O C C C W P N N N N N m W I I  . . . . . . . . . . . . . . . . . . . . . . .  1 1  

ri I I  
w ID c o o co a m  m m m e c e c e w w w P- c c m 9 I 

~ w ~ ~ m m m d m m ~ r i m m w d ~ ~ m m o m m ~  I 

d f d d M M M d M M d d M M M d d M M M ~ M M l 1  
M M M M M M M ~ M M M M M M M M M M M M M M M I I  

. . . . . . . . . . . . . . . . . . . . . . . .  , 

I 1  , I  . . . . . .  . . .  N M ~  M M M  m b m  
o o o o ~ m ~ ~ m m d o o o o ~ ~ m o o o o o ~  I o o o o o m m o m m m o o o o o o m o o o o o t ~  
2 e e e  e 
d r l r i r l r l  d i d r i d i d  n e e e n  r i r i d r i d l l  I I 

e e e e  

m m m m o o o d o o o m m o m o o o o w w c o ~  I 
l n m  d e n e  c u o e e  m d c w o o o m m w ~ d ~  I 

I ,  I ,  d r l d  
n e e  

o m 1 0  m u  * 0 c m  d m  
4 6  0 N 0 

m o  m o x  
0 c u  

O X O C ~ N L W  

I . .  m .  
c c a  - 
W O E  d Z  
m d m e  0 
u 0 0  m 

a w 
tc 
m 
W 

3 
5 

! a 
I 

E 
H 
I m 

a 0 

bl 4 

N 
0 2 

% 

2 
4 

a 
w u 

4 z 
0 a a 

a 

2 

>. 

a 

3 
H 

E 
I 

> 
Y z 

P c w P (D w u) u3 u, LO P P w 10 c m w P c w w w m w 
N N N N N N N N N N N N N N N N N N N N N N N c u N  . . . . . . . . . . . . . . . . . . . . . . .  

m c d o o m w o ( D d d d m ( D ~ ~ o o m w u , m m u ) r i  
~ m ~ m m ~ ~ d m ~ ~ m w c w m ~ d ~ ~ ~ o o o d  . . . . . . . . . . . . . . . . . . . . . . . . .  
M N N W C d d W C N O m ~ m m m W W C W m W W d N  
d d d i -id r/ N N N M 4 d 4 rl ri r i r l r l d r l d  

~ ~ d ~ ~ w m ~ ~ ~ m w ~ w ~ m ~ w m ~ ~ m d m ~ d  
m M N ~ M o m m M ~ d o d N - d d m m o W o d N c  

~ ~ d ~ o o m ~ m m r n ~ r l ~ ~ d w d ~ ~ ~ ~ ~ d m  

C L O W N ~ O W ~ N ~ O O ~ N ~ O ~ O ~ N ~ ~ ~ I  I 
m o m ~ w ~ ~ ~ m ~ d c w ~ m m ~ o r l m ~ m ~ ~  I 
w ~ m c m ~ m m O ~ N ~ ~ ~ w W d L O w m c c m l ~  

. . . . . . . . . . . . . . . . . . . . . . . . .  
M M c) M M M N M N N N M IC) M M M 1c) c) M M M M M C1 N 

. . . . . . . . . . . . . . . . . . . . . . . .  I 



32 

...... . . . .  ..... . . . .  ...... ......... ....... . . . . . . . . . . . .  .... ..... 
0 - 0  .. ..C&&iL.. 0.: ' 0 :  

. . . . .  . . .  -_ .. - - . . .  . . . .  .. - . . . .  . . . . . .  . r *  . . .  *- . *  .-. . . . . . .  . . . .  . . . ,  . . ~ . .  ~.~ . . . . . . .  
- - 

. .  , - ,  . . _  - . .  
/ .  . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . .  

.. - . . . . . . .  . . I ,  . I  .? . . . .  _ _  
< .  

~ 

. . . . . . . . . . . .  - >  

<: I . .  
. .  

. . . . . . . . . . . . . . . . . . . . . . .  

. . .  . . . . . . . . . . . . . .  .: . .  .1 
. . .  . . : :. -c .:.. . C i  

. '!; ;. * - . . -  - . . 
. .  . .  

. . . . . . . . . . . . . . . . . .  . ?  
r .  

. . . . . . . . . . . . . . . . . . . . . . . . .  
~. - 5 . :  

, I 
r '. 1 ' L ., . .  

C . . .  , ~ .  . .  - . I  . ._  . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . .  - . .  . . . . . . . . . . . . .  ^ .  . . . .  . . .  . . . . . . . . . . . . . . . . . . . . . . . .  



33 



34 
e. e.. e . *e  e .e e. e e e * e *  e. 

e .  e .  e .  e . .  e . .  
e e e. e e. * q & T O . i j E f T E & q  e e. e e 
e .  e .  e .  e - . .  _ _ -  

e. e.. e . e e. * e  e e * * e  e. e.. e. 

Typlcal of 

pressure taps 
combustor-exit - 

pressure taps and thermocouples 

Station 

4 

5 
6 

Inlet 

“78 
9 

10 
11 
12  
13 
14 
15 

Jominal 

Iistance 
?om throat, 

in. 

6.00 
4.00 
2.20 
1.41 

.70 
0 
.48 

1.00 
1.52 
2.12 

3.01 
3.10 

coat diam., 

2.79 

4.4 
4.4 
1.300 
1.097 
1.012 
1.000 
1.012 
1.050 
1.131 
1.269 
1.519 
1.630 
1.680 

in. 

static- 
pres sure 
taps 

4 
0 
1 
2 
2 
4 
2 
2 
4 
2 
2 
4 
0 

-~ 

* 

Thermocouples 

4 
0 
4 
0 
0 
4 
0 
0 
4 
0 
0 
4 
0 

Figure 2. - Diagram and dimensions of convergent-divergent nozzle for 8-inch-diameter combustor 
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Airflow 

( c )  I n j e c t o r  i n s t a l l a t i o n .  

/-/ 

M 

1 m - 2  

( a )  Sec t ion  of t y p i c a l  
i n j e c t o r  spoke. 

Figure 3. - "-2 i n j e c t o r  fori u s t o r  (dimensions i n  inches)  - 
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Figure 4. - KEF-2 injector f o r  8-inch-diameter combustor (view looking upstream). 
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F i g u r e  5. - F u e l  systems f o r  8- inch-d iameter  combustor.  
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Figure 8.  - Convergent exhaust nozzle fo r  28-inch-diameter afterburner. 
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Total temperature, T, 9 

Figure 11. - Coefficients that express deviation from one- 
dimensional ideal flow in the nozzles. 
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Temperature, OF 

(b) 8-Inch-diameter combustor nozzle. 

Figure 12. - Effect of wall temperature at nozzle 
throat on throat area for warmup-fuel products 
of comb us t ion. 
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Figure 13. - Effect of ratio of specific heats 
on divergence stream thrust f o r  ideal one- 
dimensional flow. Nozzle-exit- to throat- 
area ratio, 1.68; 8-inch-diameter combustor 
nozzle. 
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Pig l j rp  14. - Ccm-naricnn cf ~ c t - 1  zyfi :fie2 s t y c ~ ~  r-- ----- 
thrust produced in divergent portion of exhaust 
nozzle for warmup-fuel products of combustion for 
8-inch-diameter combustor nozzle. 
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equivalence heat  

0 m - 2  
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A Pentaborane 0.364 & 0.639 1.25  ( r e f .  2)- 

Air c a l i b r a t i o n  

Distance from nozzle e x i t ,  in .  
I I I I I I I I I I I  
5 6 7 8 9 10 11 12 13 1415 

Sta t ion  

Figure 1 7 .  - Ratios of s t a t i c  t o  t o t a l  Dressure t h r o u h o u t  8-inch-diameter combustor 
convergent-divergent exhaust 
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4 - 
Distance from nozzle i n l e t ,  i n .  

( a )  Comparison of pressure r a t i o s  for i d e a l  flow with h o t - a i r  c a l i b r a t i o n  
and with expansion o f  JP-4 combustion products. 

Figure 18 .  - Ratios  of s t a t i c  t o  t o t a l  pressure throughout 28-inch- 
d i  m e t  e r af te rburner  convergent exhaust no z z l e  . 
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Dis tance  from nozzle i n l e t ,  i n .  

(b)  Comparison of p re s su re  r a t i o s  f o r  "clean" combustion products of Jp-4 
wi th  those of HEF-2 + Jp-4 for y of 1 . 2 8 .  

F igu re  18. - Continued. Ra t ios  of s t a t i c  t o  t o t a l  p re s su re  throughout 
28-inch-diameter a f te rburner  convergent exhaust nozzle .  
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Distance from nozzle i n l e t ,  in .  

( c )  Comparison of pressure r a t i o s  f o r  "clean" combustion products of  JP-4 
with those of HEF-2 +. JP-4 for y of 1.26. 

Figure 18. - Concluded. Ratios of s t a t i c  t o  t o t a l  pressure throughout 
28-inch-diameter a f te rburner  convergent exhaust nozzle.  
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Figure 19. - Typical combustor-exit temperature 
profiles (station 4). 
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Corrected equivalence r a t i o ,  vcorr 
Figure 21. - Temperatures a t  e x i t  of 8-inch-diameter combustor computed from i d e a l  

d a t a  and from experimental da ta .  
360° R; combustor pressure, 3 atmospheres. 

Fuel, m - Z j  combustor-inlet air  temperature, 
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Figure 22. - Temperatures at exit of 28-inch-diameter afterburner computed from ideal data 
and experimental data. Primary-burner fuel, JP-4 at approximate equivalence ratio of 
0.2 ;  afterburner fuel, HEF-2; primary-burner-inlet air temperature, 8 4 4 O  R; combustor 
pressure, 5 atmospheres. 2 
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Figure 23. - Air specific impulse at nozzle throat of 8-inch-diameter 
combustor. Fuel, REF-2; combustor-inlet air temperature, 360° R; 
combustor pressure, 3 atmospheres. - 
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Figure 24. - A i r  specif ic  impulse a t  nozzle throat  of 28-inch-diameter af terburner .  
Primary-burner fuel,  JP -4  a t  approximate equivalence r a t i o  of 0.2; afterburner 
fuel ,  HEF-2; primary-burner-inlet a i r  temperature, 844O R; combustor pressure,  
2 1  atmospheres. 2 
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Corrected equivalence rat io ,  qcorr 

Figure 25. - A i r  specific stream thrust  at nozzle exi t  of 8-inch-diameter 
combustor. Fuel, REF-2; combustor-inlet air temperature, 3600 R J  com- 
bustor pressure, 3 atmospheres. 
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Figure 2 7 .  - Comparison of ideal temperatures computed f o r  HB02 products w i t h  data of 
figure 22. 
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0 20 40 60 83 100 
Time from initiation of REF-2 flow, see 

(b) Run 11. 

Figure 28. - Stream thrust l o s s  resulting from frictional 
resistance of boric oxide films in exhaust nozzle of 8- 
inch-diameter combustor. 
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